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Abstract 

The  kinetics  of  the  hydrolysis  of  p-nitrophenyl  alkanoates  2  catalyzed  by  1  were 
investigated  in  aqueous  Tris  buffer  solution.  Direct  evidence  for  the  existence  of  an  N- 
acylpyridinium  intermediate  3  was  obtained  for  1-catalyzed  hydrolysis  of  2  (n=2-10).  Increase 
of  the  alkyl  chain  length  leads  to  an  increase  in  the  acylation  rate  which  reaches  a  maximum 
for  2  (n=6).  The  acylation  rate  then  decreases  progressively  with  further  increases  of  alkyl 
chain  length  in  substrate  esters.  The  deacylation  rate  was  also  found  to  exhibit  a  maximum 
for  the  same  substrate  2  (n=6).  These  results  are  similar  to  those  previously  reported  with 
cholesterol  esterase  as  catalyst  for  the  same  hydrolysis  reaction.  The  acylation  reaction  is 
first-order  in  catalyst  concentration  and  exhibits  saturation  kinetics  at  high  substrate 
concentration  in  accordance  with  the  Michaelis-Menten  model  for  enzyme  reaction  kinetics. 
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Introduction 

Since  the  discovery  that  4-(dimethylamino)pyridine  (DMAP)  and  its  derivatives  (DAAP) 
are  remarkably  powerful  acyl-transfer  catalysts, a  large  research  effort  has  been  devoted  to 
the  syntheses  of  4-(dialkylaniino)pyridine-functionalized  polymers  (poly  DAAP)  in  order  to 
attain  goals  of  mimicing  enzymic  efficiency  and  selectivity.^'*^  Most  studies  have  been 
focused  on  the  design  of  the  active  site  microenvironment  of  the  synthetic  catalysts  to  achieve 
the  maximum  catalytic  activity  by  introducing  a  reactive  group  that  can  function  in  concert 
with  a  selective  binding  site  to  accelerate  the  desired  chemical  reaction.’’*  A  number  of  such 
polymers  have  been  evaluated  as  supemucleophilic  catalysts  in  the  hydrolysis  of  p-nitrophenyl 
alkanoates  2  in  aqueous  and  aqueous  methanol  solution.*’’’*  Many  of  the  studies  have  been 
promoted  by  an  interest  in  modeling  enzyme  behavior  as  evidenced  by  enhanced  levels  of 
reactivity  combined  with  expression  of  selectivity  toward  particular  substrates.*’**'**  The 
hydrolysis  reactions  catalyzed  by  these  synthetic  polymers  have  followed  Michaelis-Menten 
kinetics  and  yielded  other  results  commonly  observed  with  enzymes.  One  of  these  polymers, 
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1,,  containing  the  DAAP  functionality  and  a  bis-trimethylene-disiloxane  group  in  its  backbone 
structure  exhibits  enzyme-like  substrate  specificity  in  the  solvolysis  of  2  (n=2-18).*  ‘^  This 
synthetic,  oligomeric  p-nitrophenyl  esterase  shows  highest  levels  of  activity  toward  2  (n=14) 

Scheme  1 

in  aqueous  methanol  solution.*  Despite  intensive  investigation  of  the  catalytic  properties  of 
polymers  with  DAAP  as  the  functional  group,  the  mechanistic  details  of  the  catalysis  remain 
obscure.^’®  The  mechanism  for  catalysis  is  assumed  to  involve  attack  by  nucleophile  1  at  the 
carbonyl  group  of  substrate  2  and  formation  of  an  N-acylpyridinium  intermediate  3  as  in 
Scheme  1.  Until  recently,*®  no  direct  evidence  for  the  existence  of  the  putative  N- 
acylpyridinium  intermediate  3  had  been  obtained  in  DAAP-catalyzed  hydrolysis  reactions  of 
23.15  Previous  efforts  to  document  participation  in  nucleophilic  catalysis  by  a  DAAP 
functionalized  oligomer  1  in  1:1  methanol-water,  phosphate  buffer,  were  unsuccessful.®  The 
recently  reported  study  of  hydrolysis  of  2  catalyzed  by  a  DAAP-functionalized  polyamide 
shows  that  the  rate  of  formation  of  N-acylpyridinium  intermediate  is  directly  proportional  to 
length  of  alkanoate  carbon  chain  in  2^  but  the  deacylation  rate  to  form  hydrolysis  product 
varies  inversely  with  carbon  chain  length  of  2.‘® 

In  the  present  paper  we  report  the  direct  evidence  for  the  formation  of  an  N- 
acylpyridinium  intermediate  during  hydrolysis  of  p-nitrophenyl  alkanoates  2  catalyzed  by  1  in 
aqueous  Tris  buffer  solution.  The  1-catalyzed  hydrolysis  reaction  of  2  (n=2-10)  releases  a 
stoichiometric  "burst"  of  p-nitrophenoxide  under  saturating  conditions  and  depends  strongly 
on  the  alkyl  chain  length  in  the  substrate  esters.  Both  acylation  and  deacylation  rates  were 
found  to  exhibit  a  maximum  for  the  same  substrate  2  (n=6). 
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Experimental  Section 


Materials  and  Reagents.  Synthesis  of  the  polysiloxane-bis-trimethylene  supported  4- 
(diallylamino)pyridine  1  has  been  described  previously.’  p-Nitrophenyl  alkanoates  2  (n=2-10) 
were  purchased  from  Sigma  Chemical  Co.  Tris(hydroxymethyl)aminomethane  and 
hydrochloric  acid  were  used  as  received  from  Fisher. 

Kinetic  Experiments.  The  sample  cuvette  was  filled  with  2.5  mL  of  a  fresh  solution 
containing  catalyst  in  aqueous  Tris  buffer  solution  (0.05  M,  pH  8.0)  and  the  solution  was 
equilibrated  for  10  minutes  at  30  °C  in  the  thermostated  cell  compartment  of  a  Hewlett- 
Packard  Model  8450  spectrophotometer.  A  stock  solution  of  /?-nitrophenyl  alkanoate  2  (n=2- 
10)  in  dioxane  (2.5  x  10"^  M)  was  added  by  microsyringe.  The  reaction  mixture  was  quickly 
mixed  by  shaking  and  the  absorbance  at  400  nm  was  recorded  as  a  function  of  time.  Buffer- 
catalyzed  reactions  with  no  added  catalyst  were  performed  analogously  at  the  same 
conditions. 


Results  and  Discussions 

We  have  systematically  examined  the  kinetic  charaterization  of  the  hydrolysis  of  a  series 
of  p-nitrophenyl  alkanoates  2  (n=2-10)  catalyzed  by  1  in  aqueous  solution  in  order  to  gain  a 
better  understanding  of  the  complicated  catalytic  process.  The  hydrolysis  reactions  were 
carried  out  in  0.05  M  aqueous  Tris  buffer  solution  at  pH  8.0  and  30  °C.  Figure  1  shows  the 
appearance  of  the  p-nitrophenoxide  in  the  hydrolysis  of  2  (n=2,  4  and  6)  catalyzed  by  1,  as  a 

Figure  1 

function  of  time.  The  curves  were  obtained  by  subtracting  the  concentration  of  p- 
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nitrophenoxide  due  to  spontaneous  hydrolysis  in  aqueous  buffer  solution  from  its  total 
concentration  at  various  reaction  times.  The  catalytic  hydrolysis  reactions  for  the  three 
substrate  esters  in  Figure  1  n=2,  4  and  6)  were  found  to  proceed  according  to  typical 

"burst"  kinetics.*’"^^  The  initial  rapid  release  of  p-nitrophenoxide  is  followed  by  slower,  steady 
release  in  which  the  concentration  of  p-nitrophenoxide  increases  linearly  with  time.  The 
presence  of  a  steady-state  linear  portion  indicates  that  the  acylation  rates  are  much  faster  than 
the  deacylation  rates  in  the  proposed  reaction  sequence  in  Scheme  1.  These  results  reveal  that 
the  liberation  of  p-nitrophenoxide  is  apparently  accompanied  by  the  simultaneous  formation  of 
an  N-acylpyridinium  intermediate  3,  and  the  subsequent  hydrolysis  of  this  intermediate  is 
rate-limiting  in  the  overall  hydrolysis  of  The  liberation  of  p-nitrophenoxide  in  1,- 

catalyzed  hydrolysis  for  2  (n=8  and  10)  as  a  function  of  time  is  presented  in  Figure  2.  For 
comparison,  the  substrate  ester  2  (n=6)  is  also  included  in  Figure  2.  Again  "burst"  kinetics  are 

Figure  2 

observed  for  the  substrate  esters  with  longer  alkyl  chain  lengths  as  evidenced  by  an  initial 
rapid  increase  in  p-nitrophenoxide  concentration  due  to  the  release  of  an  equivalent  of  p- 
nitrophenoxide  that  accompanies  formation  of  3.  Then,  a  much  slower,  turnover  stage  of  the 
reaction  ensues  in  which  excess  substrate  is  hydrolyzed  via  a  sequence  of  slow  hydrolysis  of 
3  followed  by  rapid  acylation  of  1.  Furthermore,  we  found  that  the  1,-catalyzed  hydrolysis 
reaction  depends  strongly  on  the  alkyl  chain  length  in  the  substrate  esters  (Figures  1  and  2). 
The  acylation  rate  increases  markedly  with  increasing  alkyl  chain  length  in  the  substrate  esters 
and  reaches  a  maximum  for  2  (n=6).  Further  increase  of  the  alkyl  chain  length  leads  to  a 
decrease  in  the  acylation  rate.  The  deacylation  rate  was  also  found  to  exhibit  a  maximum  for 
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the  substrate  2  (n=6).  Reduced  acylation  and  deacylation  rates  for  1-catalyzed  hydrolysis  of  2 
(n  >  8)  may  be  attributed  to  formation  of  homo-aggregates  of  the  substrates  which  bury  the 
substrate  ester  in  hydrophobic  aggregates  and  isolate  these  reactive  species  from  aqueous 
media.  This  is  consistent  with  previous  observations  that  p-nitrophenyl  esters  with  alkanoate 
chain  lengths  greater  than  six  carbons  in  aqueous  media  form  self-aggregates  that  cause  a 
retardation  of  the  rate  of  hydrolysis  of  2  (n  >  8)  in  water.^^'^®  Significantly,  for  the  same 
hydrolysis  reaction  the  enzyme,  cholesterol  esterase,  also  shows  a  maximum  acylation  rate  for 
the  same  substrate  2  (n=6).  The  deacylation  rate  maximizes  for  2  (n=6),  but  drops  off 
precipitously  for  the  substrates  2  (n=10  and  12)}^'^  This  indicates  that  similar  structure- 
activity  effects  may  be  operative  for  the  natural  and  the  synthetic  catalysts  in  the  hydrolysis 
process. 

The  liberation  of  p-nitrophenoxide  in  1-catalyzed  hydrolysis  of  2  (n=4,  6  and  8)  with 
different  catalyst  concentration  as  a  function  of  time  in  aqueous  Tris  buffer  solution  is  shown 
in  Figures  3,  4  and  5,  respectively.  The  results  clearly  indicate  that  the  magnitude  of 

Figures  3,  4  and  5 

the  "burst"  of  p-nitrophenoxide  is  proportional  with  catalyst  concentration.  In  the  absence  of 
catalyst,  the  hydrolysis  of  2  (n=6)  catalyzed  by  aqueous  Tris  buffer  solution  shows  no  burst 
of  p-nitrophenoxide  and  the  reaction  proceeds  at  a  rate  much  less  than  the  steady  state  stage 
of  catalyzed  reactions  (Figure  4).  These  data  support  a  mechanism  involving  a  covalent  N- 
acylpyridinium  intermediate  where  the  breakdown  of  the  intermediate  is  the  rate-determining 
step  in  the  1,-catalyzed  hydrolysis  reaction  (Scheme  1). 

Further  support  for  the  formation  of  an  N-acylpyridinium  intermediate  3  is  provided  by  a 
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study  of  the  effect  of  substrate  concentration  on  the  release  of  p-nitrophenoxide  for  1- 
catalyzed  hydrolysis  of  2  (n=4,  6  and  8).  The  representative  experimental  results  are  presented 
graphically  in  Figures  6,  7  and  8,  respectively.  The  kinetic  parameters  for  J^-catalyzed 
hydrolysis  of  2  (n=4-6)  are  summarized  in  Table  1.  At  low  concentrations  of  substrate,  the 
magnitude  of  the  "burst"  of  p-nitrophenoxide  appears  to  be  proportional  to  the  substrate 
concentration.  However,  the  magnitude  of  the  p-nitrophenoxide  "burst"  is  independent  of 

Figures  6,  7,  8  and  Table  1 

substrate  concentration  at  higher  concentrations  and  equal  in  concentration  to  the  catalyst.  The 
reaction  shows  saturation  kinetics  in  accordance  with  the  Michaelis-Menten  model  for  enzyme 
reaction  kinetics.  These  results  are  entirely  consistent  with  a  mechanism  that  requires  a 
covalent  N-acylpyridinium  intermediate  3  and  rate-limiting  deacylation  of  the  intermediate  in 
the  1-catalyzed  hydrolysis  reaction.  Under  conditions  where  the  concentration  of  2  was  greater 
than  that  of  1,  the  catalyst  should  become  saturated  with  respect  to  substrate. 


Conclusions 

The  hydrolysis  of  a  series  of  p-nitrophenyl  alkanoates  2  (n=2-10)  catalyzed  by  1  was 
investigated  in  aqueous  Tris  buffer  solution.  The  direct  evidence  for  the  existence  of  an  N- 
acylpyridinium  intermediate  3  in  ^-catalyzed  hydrolysis  of  2  (n=2-10)  was  observed.  Both 
acylation  and  deacylation  rates  were  found  to  be  dependent  on  the  alkyl  chain  length  in  the 
substrate  esters  and  to  exhibit  a  maximum  for  the  substrate  2  (n=6).  The  acylation  reaction  is 
first-order  in  catalyst  concentration  and  shows  saturation  kinetics  at  high  substrate 
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concentration  in  aqueous  Tris  buffer  solution.  The  kinetic  behavior  of  our  model  system  is 
similar  to  the  behavior  of  cholesterol  esterase-p-nitrophenyl  alkanoate  reactions.^’’^° 
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Legend  to  Figures 

Figure  1.  The  liberation  of  p-nitrophenoxide  in  the  hydrolysis  of  p-nitrophenyl  alkanoates  2 
(5.0  X  10'^  M)  catalyzed  by  1  (5.0  x  10'^  unit  mol  L  ‘)  for  different  substrates  as  a  function  of 
time  in  0.05  M  aqueous  Tris  buffer  solution  at  pH  8.0  and  30  °C:  •,  n=6;  ■,  n=4; 

▼,  n=2. 

Figure  2.  The  liberation  of  p-nitrophenoxide  in  the  hydrolysis  of  2  (  5.0  x  10'^  M)  catalyzed 
by  1  (5.0  X  10'^  unit  mol  L'*)  as  a  function  of  time  and  alkyl  chain  length  in  substrate  in  0.05 
M  aqueous  Tris  buffer  solution  at  pH  8.0  and  30  °C:  a,  n=6;  n=8;  •,  n=10. 

Figure  3.  Dependence  of  the  liberation  of  p-nitrophenoxide  in  the  hydrolysis  of  2  (n=4,  5.0 
X  10'^  M)  catalyzed  by  1  on  catalyst  concentration  as  a  function  of  time  in  0.05  M  aqueous 
Tris  buffer  solution  at  pH  8.0  and  30  °C:  a,  1i1=5.0  x  10'^  unit  mol  L'*;  ■,  U]=2.5  x 

10'^  unit  mol  L'‘;  •,  11=1.0  x  10’^  unit  mol  L'*. 

Figure  4.  Dependence  of  the  liberation  of  p-nitrophenoxide  in  the  hydrolysis  of  2  (n=6,  5.0 
X  10'^  M)  catalyzed  by  1  on  catalyst  concentration  as  a  function  of  time  in  0.05  M  aqueous 
Tris  buffer  solution  at  pH  8.0  and  30  “C:  •,  11=5.0  x  10'^  unit  mol  L‘*;  a,  11=2.5  x 

10'^  unit  mol  L'*;  *■,  Ikl.O  x  10'*  unit  mol  L’’;  ■,  no  catalyst. 

Figure  5.  Dependence  of  the  liberation  of  p-nitrophenoxide  in  the  hydrolysis  of  2  (n=8,  5.0 
X  10‘^  M)  catalyzed  by  1  on  catalyst  concentration  as  a  function  of  time  in  0.05  M  aqueous 
Tris  buffer  solution  at  pH  8.0  and  30  °C:  a,  11=5.0  x  10'^  unit  mol  L'‘;  •,  11=2.5  x 

10'^  unit  mol  L  ‘;  11=1.0  x  10'^  unit  mol  L  '. 
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Figure  6.  The  liberation  of  p-nitrophenoxide  in  the  hydrolysis  of  2  (n=4)  catalyzed  by  1  (1.0 
X  10'*  unit  mol  L'*)  with  increasing  substrate  concentration  as  a  function  of  time  in  0.05  M 
aqueous  Tris  buffer  solution  at  pH  8.0  and  30  °C: 

•,  ^1=1.0  X  10-^  M;  A,  ^]=7.5  x  lO'*  M;  ■,  U]=5.0  x  lO'^  M;  a,  ^]=2.5  x  lO'*  M. 

Figure  7.  The  liberation  of  p-nitrophenoxide  in  the  hydrolysis  of  2  (n=6)  catalyzed  by  1  (1.0 
X  10'®  unit  mol  L'*)  with  increasing  substrate  concentration  as  a  function  of  time  in  0.05  M 
aqueous  Tris  buffer  solution  at  pH  8.0  and  30  ”C: 

•,  fckl.O  X  10"^  M;  A,  b]=7.5  x  lO’^  M;  ■,  ^1=5.0  x  lO'^  M;  a,  l2l=2.5  x  lO'*  M. 

Figure  8.  The  liberation  of  p-nitrophenoxide  in  the  hydrolysis  of  2  (n=8)  catalyzed  by  1.  (1.0 
X  10'^  unit  mol  L'*)  with  increasing  substrate  concentration  as  a  function  of  time  in  0.05  M 
aqueous  Tris  buffer  solution  at  pH  8.0  and  30  °C: 

•,  bkl.O  X  10"*  M;  A,  ^1=7.5  x  lO'^  M;  ■,  fel=5.0  x  lO'^  M;  a,  l2l=2.5  x  lO’^  M. 


12 
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Scheme  1 


p-Nitrophenol  x  10*  (M) 


Figure  1 


Time  (s) 


p-Nitrophenol  x  10*  (M) 


p-Nitrophenol  x  10^  (M) 


Figure  3 


Time  (s) 


-Nitrophenol  x  10*  (M) 


Table  1.  Kinetic  Parameters  for  1,-CataIyzed  Hydrolysis  of  2  (n=4,  6  and  8)  in  0.05  M  Tris 
Buffer  Solution  at  pH  8.0  and  30 


2” 

Lx  10^ 
(s-'r 

kd  X  10^ 

K^xlO^ 

(Mr 

(M-‘,  s-‘) 

V.ax  X  10* 

(M,  s-'r 

n=4 

1.81 

3.58 

13.6 

26.3 

3.58 

n=6 

2.19 

4.22 

8.29 

50.9 

4.22 

n=8 

1.93 

2.13 

4.45 

47.9 

2.13 

*1,  1.0  X  10’^  unit  mol  L'‘.  'The  concentrations  varied  from  0.25  to  1.0  x  10"^  M.  first-order 
rate  constant  of  the  formation  of  the  N-acylpyridinium  intermediate  3  derived  from  1,  which  was 
obtained  from  equation  1/lq,  =l/ka  +  Kn,/ka*So  to  the  presteady  state  as  suggested  by  Bender  et 
al.,^*'^^  where  kb  is  observed  first-order  rate  constant  in  the  presteady  state  at  S  >  [cat],  ‘‘kj,  rate 
constant  of  the  deacylation  of  l.-catalyzed  hydrolysis  of  2,  which  was  obtained  based  on  equation 
IfV  =l/kd»[cat]o  +  K„/kd*[cat]o»So  to  the  steady  state,  where  V  is  reaction  velocity 
Michaelis  constant.  maximum  reaction  velocity  in  Michaelis-Menten  model. 
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ABSTRACT:  The  kinetics  of  the  hydrolysis  of  p-nitrophenyl  alkanoates  2  catalyzed  by  1  were  investigated 
in  aqueous  Tris  buffer  solution.  Direct  evidence  for  the  existence  of  an  Ar-acylp5Tidmium  intermediate 
3  was  obtained  for  l-catalyzed  hydrolysis  of  2  (n  =  2—10),  Increase  of  the  alkyl  chain  length  leads  to  an 
increase  in  the  acylation  rate,  which  reaches  a  maximum  for  2  (n  =  6).  The  acylation  rate  then  decreases 
progressively  with  further  increases  of  alkyl  chain  length  in  substrate  esters.  The  deacylation  rate  was 
also  found  to  exhibit  a  maximum  for  the  same  substrate  2  (n  =  6).  These  results  are  similar  to  those 
previously  reported  with  cholesterol  esterase  as  catalyst  for  the  same  hydrolysis  reaction.  The  acylation 
reaction  is  first  order  in  catalyst  concentration  and  exhibits  saturation  kinetics  at  high  substrate 
concentration  in  accordance  with  the  Michaelis-Menten  model  for  enzyme  reaction  kinetics. 


Introduction 

Since  the  discovery  that  4-(diniethylamino)pyridine 
(DMAP)  and  its  derivatives  (DAAP)  are  remarkably 
powerful  acyl-transfer  catalysts/’^  a  large  research 
effort  has  been  devoted  to  the  syntheses  of  4-(dialkyl- 
amino)pyridine-functionalized  polymers  (poly(DAAP))  in 
order  to  attain  goals  of  mimicking  enzymic  efl5ciency 
and  selectivity.^”  Most  studies  have  been  focused  on 
the  design  of  the  active-site  microenvironment  of  the 
synthetic  catalysts  to  achieve  the  maximum  catalytic 
activity  by  introducing  a  reactive  group  that  can  func¬ 
tion  in  concert  with  a  selective  binding  site  to  accelerate 
the  desired  chemical  reaction.'^’®  A  number  of  such 
pol3nners  have  been  evaluated  as  supemucleophilic 
catalysts  in  the  hydrolysis  of  p-nitrophenyl  alkanoates 
2  in  aqueous  and  aqueous  methanol  solution.^’'^’®  Many 
of  the  studies  have  been  promoted  by  an  interest  in 
modeling  enzyme  behavior  as  evidenced  by  enhanced 
levels  of  reactivity  combined  with  expression  of  selectiv¬ 
ity  toward  particular  substrates. The  hydrolysis 
reactions  catalyzed  by  these  S3nithetic  polymers  have 
followed  Michaelis-Menten  kinetics  and  yielded  other 
results  commonly  observed  with  enzymes.  One  of  these 
polymers,  1,  containing  the  DAAP  functionality  and  a 
bis(trimethylene)disiloxane  group  in  its  backbone  struc¬ 
ture  exhibits  enz3nne-like  substrate  specificity  in  the 
solvolysis  of  2  (n  =  2— 18).®”^^  This  synthetic,  oligomeric 
p-nitrophenyl  esterase  shows  highest  levels  of  activity 
toward  2  (m  =  14)  in  1:1  (v/v)  aqueous  methanol 
solution.®  Despite  intensive  investigation  of  the  cata¬ 
lytic  properties  of  polymers  with  DAAP  as  the  functional 
group,  the  mechanistic  details  of  the  catalysis  remain 
obscure.®’*^’®  The  mechanism  for  catalysis  is  assumed 
to  involve  attack  by  nucleophile  1  at  the  carbonyl  group 
of  substrate  2  and  formation  of  an  AT-acylpyridinium 
intermediate  3  as  in  Scheme  1.  Until  recently,^®  no 
direct  evidence  for  the  existence  of  the  putative  N- 
acylpyridinium  intermediate  3  had  been  obtained  in 
DAAP-catalyzed  hydrolysis  reactions  of  2.®»^®  Previous 
efforts  to  document  participation  in  nucleophihc  cataly¬ 
sis  by  a  DAAP-ftinctionalized  oligomer  1  in  1:1  metha¬ 
nol— water,  phosphate  buffer,  were  rmsuccessfiil.® 

®  Abstract  published  in  Advance  ACS  Abstracts,  December  15, 
1996. 


Scheme  1 


In  the  present  paper,  we  report  direct  evidence  for 
the  formation  of  an  iV-acylpyridinium  intermediate 
during  hydrolysis  of  p-nitrophenyl  alkanoates  2  cata¬ 
lyzed  by  1  in  aqueous  Tris  buffer  solution.  The  1-cat- 
^yzed  hydrolysis  reaction  of  2  (n  =  2—10)  releases  a 
stoichiometric  “burst”  of  p-nitrophenoxide  under  satu¬ 
rating  conditions  and  depends  strongly  on  the  alkyl 
chain  length  in  the  substrate  esters.  Both  acylation  and 
deacylation  rates  were  found  to  exhibit  a  maximum  for 
the  same  substrate  2{n  =  6). 

Experimental  Section 

Materials  and  Reagents.  Synthesis  of  the  polysiloxane— 
bis(trimethylene)-supported  4-(diallylamino)pyridine  1  has 
been  described  previously.®  p-Nitrophenyl  alkanoates  2  (n  = 
2—10)  were  purchased  from  Sigma  Chemical  Co.  Tris(hy- 
droxymethyl)aminomethane  and  hydrochloric  acid  were  used 
as  received  from  Fisher. 

Kinetic  Experiments.  The  sample  cuvette  was  filled  with 
2.5  mL  of  a  fresh  solution  containing  catalyst  in  aqueous  Tris 
buffer  solution  (0.05  M,  pH  8.0),  and  the  solution  was 
equilibrated  for  10  min  at  30  °C  in  the  thermostated  cell 
compartment  of  a  Hewlett-Packard  Model  8450  spectropho¬ 
tometer.  The  concentrations  of  catalyst  are  expressed  in  unit 
mol  L”^,  where  unit  molar  mass  is  defined  by  the  molar  mass 
of  the  repeat  unit  of  copolymer  1.  A  stock  solution  of 
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Figure  1.  Liberation  of  p-nitrophenoxide  in  the  hydrolysis 
of  p-nitrophenyl  alkanoates  2  (5.0  x  10~®  M)  catalyzed  by  1 
(5.0  X  10“®  unit  mol  L“^)  for  different  substrates  as  a  function 
of  time  in  0.05  M  aqueous  Tris  buffer  solution  at  pH  8.0  and 
30  °C:  (•)  2  (n  =  6);  (■)  2{n^  4);  (t)  2  (n  =  2). 

p-nitrophenyl  alkanoate  2  (n  =  2—10)  in  dioxane  (2.5  x  10“^ 
M)  was  added  by  microsyrmge.  The  reaction  mixture  was 
quickly  mixed  by  shaking,  and  the  absorbance  at  400  nm  was 
recorded  as  a  function  of  time.  Buffer-catalyzed  reactions  with 
no  added  catalyst  were  performed  analogously  at  the  same 
conditions. 

Results  and  Discussion 

We  have  systematically  examined  by  kinetic  analysis 
the  hydrolysis  of  a  series  of  p-nitrophenyl  alkanoates  2 
(n  =  2—10)  catalyzed  by  1  in  aqueous  solution  in  order 
to  gain  a  better  understanding  of  the  complicated 
catalytic  process.  The  hydrolysis  reactions  were  carried 
out  in  0.05  M  aqueous  Tris  buffer  solution  at  pH  8.0 
and  30  °C.  Figure  1  shows  the  appearance  of  the 
p-nitrophenoxide  ion  in  the  hydrolysis  of  2  (ti  =  2,  4, 
and  6)  catalyzed  by  1  as  a  function  of  time.  The  plots 
of  absorbance  vs  time  were  corrected  to  obtain  rates  of 
catalyzed  reaction  by  subtracting  the  concentration  of 
p-nitrophenoxide  obtained  in  aqueous  Tris  buffer  solu¬ 
tion  alone  (<5%  in  most  cases  studied)  and  the  linear 
portion  of  the  plot  was  extrapolated  back  to  zero  time. 
The  catalytic  hydrolysis  reactions  for  the  three  substrate 
esters  in  Figure  1  (2,  ti  =  2,  4,  and  6)  were  found  to 
proceed  according  to  typical  "burst”  kinetics. The 
initial  rapid  release  of  p-nitrophenoxide  is  followed  by 
slower,  steady  release  in  which  the  concentration  of 
p-nitrophenoxide  increases  linearly  with  time.  The 
presence  of  a  steady-state  linear  portion  indicates  that 
the  acylation  rates  are  much  faster  than  the  deacylation 
rates  in  the  proposed  reaction  sequence  in  Scheme  1. 
These  results  suggest  that  the  liberation  of  p-nitrophe- 
noxide  is  apparently  accompanied  by  the  simultaneous 
formation  of  an  iV-acylpyridinium  intermediate  3,  and 
the  subsequent  hydrolysis  of  this  intermediate  is  rate- 
limiting  in  the  overall  hydrolysis  of  2.^'^’^^  The  liberation 
of  p-nitrophenoxide  in  1-catalyzed  hydrolysis  for  2  (ti  == 
8  and  10)  as  a  function  of  time  is  presented  in  Figure  2. 
For  comparison,  the  substrate  ester  2  (ti  =  6)  is  also 
included  in  Figure  2.  Again  “burst”  kinetics  are  ob¬ 
served  for  the  substrate  esters  with  longer  alkyl  chain 
lengths  as  evidenced  by  an  initial  rapid  increase  in 
p-nitrophenoxide  concentration  due  to  the  release  of  an 
equivalent  of  p-nitrophenoxide  that  accompanies  forma¬ 
tion  of  3.  Then,  a  much  slower,  turnover  stage  of  the 


Time  (s) 

Figure  2.  Liberation  of  p-nitrophenoxide  in  the  hydrolysis 
of  2  (5.0  X  10"®  M)  catalyzed  by  1  (5,0  x  10“®  unit  mol  L“^)  as 
a  function  of  time  and  alkyl  chain  length  in  substrate  in  0.05 
M  aqueous  Tris  biiffer  solution  at  pH  8.0  and  30  °C:  (a)  2  (ti 
=  6);  (A)  2  (ti  =  8);  (•)  2  (ti  =  10). 

reaction  ensues  in  which  excess  substrate  is  hydrolyzed 
via  a  sequence  of  slow  hydrolysis  of  3  followed  by  rapid 
acylation  of  1.  Furthermore,  we  find  that  the  1-cata¬ 
lyzed  hydrolysis  reaction  depends  strongly  on  the  alkyl 
chain  length  in  the  substrate  esters  (Figures  1  and  2). 
The  acylation  rate  increases  markedly  with  increasing 
alkyl  chain  length  in  the  substrate  esters  and  reaches 
a  maximum  for  2  (ti  =  6).  Further  increase  of  the  alkyl 
chain  length  leads  to  a  decrease  in  the  acylation  rate. 
The  deacylation  rate  was  also  fotmd  to  exhibit  a 
maximum  for  the  substrate  2  {n  =  6).  Reduced  acyla¬ 
tion  and  deacylation  rates  for  1-catalyzed  hydrolysis  of 
2  (ti  >  8)  may  be  attributed  to  formation  of  homoaggre¬ 
gates  and/or  heteroaggregates  of  the  substrates  and 
intermediate  3  which  bury  the  substrate  ester  and  3  in 
hydrophobic  aggregates  and  isolate  these  reactive  spe¬ 
cies  from  the  aqueous  media.  This  is  consistent  with 
previous  observations  that  p-nitrophenyl  esters  with 
alkanoate  chain  lengths  greater  than  six  carbons  in 
aqueous  media  form  self-aggregates  that  cause  a  retar¬ 
dation  of  the  rate  of  hydrolysis  of  2  (ti  >  8)  in  water.^^"^® 
Significantly,  for  the  same  hydrolysis  reaction,  the 
enzyme  cholesterol  esterase  also  shows  a  maximum 
acylation  rate  for  the  same  substrate  2  (tz  =  6).  The 
deacylation  rate  maximizes  for  2  (ti  =  6)  but  drops  off 
precipitously  for  the  substrates  2  (ti  =  10  and  12).^®’®® 
This  indicates  that  similar  structure— activity  effects 
may  be  operative  for  the  natural  and  the  S3mthetic 
catalysts  in  the  hydrolysis  process. 

The  liberation  of  p-nitrophenoxide  in  1-catalyzed 
hydrolysis  of  2  (n  =  4,  6,  and  8)  as  a  function  of  time 
with  different  concentrations  of  1  in  aqueous  Tris  buffer 
solution  is  shown  in  Figures  3,  4,  and  5,  respectively. 
The  results  clearly  indicate  that  the  magnitude  of  the 
“burst”  of  p-nitrophenoxide  is  proportional  with  catalyst 
concentration.  In  the  absence  of  catalyst,  the  hydrolysis 
of  2  in  =  6)  catalyzed  by  aqueous  Tris  buffer  solution 
shows  no  burst  of  p-nitrophenoxide,  and  the  reaction 
proceeds  at  a  rate  much  less  than  the  steady-state  stage 
of  catalyzed  reactions  (Figure  4).  These  data  support  a 
mechanism  involving  a  covalent  iN/-acylpyridinium  in¬ 
termediate  where  the  breakdown  of  the  intermediate 
is  the  rate-determining  step  in  the  1-catalyzed  hydroly¬ 
sis  reaction  (Scheme  1). 
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Figure  3.  Dependence  of  the  liberation  of  p-nitrophenoxide 
in  the  hydrolysis  of  2  (n  =  4,  5.0  x  10~®  M)  catalyzed  by  1  on 
catalyst  concentration  as  a  function  of  time  in  0.05  M  aqueous 
Tris  buffer  solution  at  pH  8.0  and  30  ^C:  (A)  [1]  =  5.0  x  10~® 
unit  mol  L”i;  (■)  [1]  =  2.5  x  lO"®  unit  mol  L-^;  (•)  [1]  =  1.0  x 
10“®  unit  mol  L“^ 
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Figure  4.  Dependence  of  the  liberation  of  p-nitrophenoxide 
in  the  hydrolysis  of  2  (/i  =  6,  5.0  x  10“®  M)  catalyzed  by  1  on 
catalyst  concentration  as  a  fimction  of  time  in  0.05  M  aqueous 
Tris  buffer  solution  at  pH  8.0  and  30  °C:  (•)  [1]  =  5.0  x  10"® 
unit  mol  L-i;  (a)  [1]  =  2.5  x  10"®  unit  mol  L'l;  (a)  [1]  =  1.0  x 
10'®  unit  mol  L“^;  (■)  no  catalyst. 

Further  support  for  the  formation  of  an  iV-acylpyri- 
dinium  intermediate  3  is  provided  by  a  study  of  the 
effect  of  substrate  concentration  on  the  release  of 
p-nitrophenoxide  for  1 -catalyzed  hydrolysis  of  2  (n  = 
4‘-"8).  The  kinetic  parameters  for  these  reactions  are 
summarized  in  Table  1.  At  low  concentrations  of 
substrate,  the  magnitude  of  the  “burst”  of  p-nitrophe¬ 
noxide  appears  to  be  proportional  to  the  substrate 
concentration.  However,  the  magnitude  of  the  p-nitro¬ 
phenoxide  “burst”  is  independent  of  substrate  concen¬ 
tration  at  higher  concentrations  and  equal  in  concen¬ 
tration  to  that  of  catalyst.  The  reaction  shows  satura¬ 
tion  kinetics  in  accordance  with  the  Michaelis—Menten 
model  for  enzyme  reaction  kinetics.  These  results  are 
entirely  consistent  with  a  mechanism  that  requires  a 
covalent  AT-acylpyridinium  intermediate  3  and  rate- 
limiting  deacylation  of  the  intermediate  in  the  1 -cata¬ 
lyzed  hydrolysis  reaction.  Under  conditions  where  the 
concentration  of  2  is  greater  than  that  of  1,  the  catalyst 
should  become  saturated  with  respect  to  substrate. 


Time  (s) 

Figure  5.  Dependence  of  the  liberation  of  p-nitrophenoxide 
in  the  hydrolysis  of  2  (/i  =  8,  5.0  x  10~®  M)  catalyzed  by  1  on 
catalyst  concentration  as  a  function  of  time  in  0.05  M  aqueous 
Tris  buffer  solution  at  pH  8.0  and  30  °C:  (a)  [1]  =  5.0  x  10"® 
unit  mol  L“i;  (•)  [1]  =  2.5  x  10"®  unit  mol  L'l;  (a)  [1]  =  1.0  x 
10"®  unit  mol  L”^. 

Table  1.  Kinetic  Parameters  for  1-Catal3^ed  Hydrolysis 


of  2  in 

=  4,6, 

and  8)  in 

0.05  M  Tris  Buffer  Solution  at 

pH  8.< 

0  and  30  ° 

k 

a  X  102 

ki  X  102 

JTa.  X  105 

X  108 

2® 

(s-iy 

(s-¥ 

(My 

(M-i  s-i) 

(M  8-1/ 

71  =  4 

1.81 

3.58 

13.6 

26.3 

3.58 

77  =  6 

2.19 

4.22 

8.29 

50.9 

4.22 

71  =  8 

1.93 

2.13 

4.45 

47.9 

2.13 

“  1,  1.0  x  10“®  unit  mol  L“^.  ®  The  concentrations  varied  from 
0.25  to  1.0  X  10"^  M.  kg,,  first-order  rate  constant  of  the  formation 
of  the  iV-acylp3nidinium  intermediate  3  derived  from  1,  which  was 
obt8iined  from  the  equation  1/kh  =  Vkg  +  KjJikgSQ)  for  the 
presteady  state  as  suggested  by  Bender  et  where  kh  is  the 

observed  first-order  rate  constant  in  the  presteady  state  at  S  > 
[cat].  ^  kd,  rate  constant  of  the  deacylation  of  1-catalyzed  hydrolysis 
of  2,  which  was  obtained  from  the  equation  l/V  =  l/(/5d[cat.]o)  + 
Kni/(^d[cat.]oSo)  for  the  steady  state,  where  V  is  the  reaction 
velocity Km,  the  Michaehs  constant,  and  Vmax,  the  maximum 
reaction  velocity  in  the  Michaehs— Menten  model. 

Conclusions 

The  hydrolysis  of  a  series  ofp-nitrophenyl  alkanoates 
2  (n  =  2—10)  catalyzed  by  1  was  investigated  in  aqueous 
Tris  buffer  solution.  Direct  evidence  for  the  existence 
of  an  iV-acylpyridinium  mtermediate  3  in  1-catalyzed 
hydrolysis  of  2  (n  =  2-10)  was  obtained.  Both  acylation 
and  deacylation  rates  were  found  to  be  dependent  on 
the  alkyl  chain  length  m  the  substrate  esters  and  to 
exhibit  a  maximum  for  the  substrate  2  (n  =  6).  The 
acylation  reaction  is  first  order  m  catalyst  concentration 
and  shows  saturation  kinetics  at  high  substrate  con¬ 
centration  in  the  aqueous  Tris  buffer  solution.  The 
kinetic  behavior  of  our  model  system  is  similar  to  the 
behavior  of  cholesterol  esterase-p-nitrophenyl  alkanoate 
reactions. 
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